1. Introduction {#sec1}
===============

Nanotechnology is the 21^st^ century technological revolution in many research areas due to their remarkable structural, morphological, and magnetic properties. In 1974, Dr. N. Taniguchi (Tokyo University of Science, Japan) is the man behind the word "nanotechnology" but Dr. Richard Phillips Feynman (American physicist) is the person who innovated is latest technology \[[@bib1]\]. It is an interesting hotspot, which has attracted attention in recent material sciences because it has beneficial effects on human life and stimulates life sciences, especially biotechnology, biomedical and food technology \[[@bib2]\]. Nanotechnology helps in delivering of food nutrients through nano-encapsulation \[[@bib3],[@bib4]\]. It is widely used in the development of food packaging material \[[@bib3],[@bib5], [@bib6], [@bib7], [@bib8]\] (active packaging \[[@bib9],[@bib10]\], intelligent packaging \[[@bib6],[@bib10],[@bib11]\], improved packaging \[[@bib6],[@bib12]\] and biodegradable packaging \[[@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\], etc.), food additives \[[@bib6],[@bib18],[@bib19]\], food nano-sensors \[[@bib4],[@bib5],[@bib20],[@bib21]\]. In particular, this paper will review about nanoparticles (size ≤ a hundred nanometer (nm) \[[@bib22]\]) and their application in the bio-science (especially, the food sector). Globally, foodborne diseases affect not only the economy but also human health badly \[[@bib23]\]. There are 300 companies across the world that have induced nanotechnology in their food system \[[@bib24]\]. In 2011, the Centers for Disease Control and Prevention (CDC) reported that food-borne pathogens worsen the health of approximately 45--48 million people in the United States, of which three thousand die. Therefore, it is important to focus on new technological approaches such as nanosensors for detecting food poisoning bacteria, fungi, and viruses \[[@bib25]\]. To overcome this problem, there is a need for novel anti-microbial agents for which there is a requirement to develop a technology, which would help in overcoming this serious issue. Nowadays, the use of nanoparticles in the food sector is increasing, mainly in the food packaging industry where they are used as an antibacterial agent towards food-borne diseases \[[@bib4],[@bib15],[@bib16],[@bib26]\]. Proper incorporation of nanoparticles into the packaging materials leads to their interaction with the food-borne pathogens, thereby releasing nanoparticles onto the food surface where they come in contact with bad bacteria and cause bacterial death and/or inhibition, thereby increasing the shelf life of the product. It is important to focus more on processing and its containment to stop the post-harvesting loss. Nanoparticles can act as a smart weapon towards the sustainable move \[[@bib27]\].

In the late 70s the demand of food security across India has increased after the green revolution and industrialization, due to which nanotechnology attracted not only the manufacturers but also the farmers to utilize this latest technique \[[@bib28]\]. The world\'s population is increasing every day, and it is important to build a food system that maximizes production without wasting food. According to a report from the United Nations (UN) 2019, the world\'s population is expected to reach 8.548 billion (bn) by 2030, 9.735 billion by 2050, and 10.874 billion by 2100 \[[@bib29]\]. Meeting the overall demand without impacting the environment or human health is a challenge for the agricultural sector. Nanotechnology plays an important role in reducing food waste due to spoilage and thus increases its shelf life. The combination of different metal nanoparticles and different plastic resins (e.g. high-density polyethylene, low-density polyethylene, polyvinyl chloride, polystyrene, and polypropylene, etc.) helps in maintaining the overall quality of the food product \[[@bib30]\]. According to Environmental Working Group (EWG) 2008, reported in their article that nearly 9800 food products are circulating across the globe containing nano-scale particles \[[@bib31]\]. Nanotechnology helps in food containment, preservation, commercialization, and communication. Nanoparticles such as oxides of zinc, titanium, silicon, and magnesium have been further researched by researchers due to their disinfecting action and their enormous application in the food sector as well as other fields such as the paper, textile, printing, cosmetic, and polymer industries \[[@bib5]\]. One of the ethical issues for acceptance of nanotechnology in food-system also reported in various places in Europe questioning incorporation of traceable nano-chips in livestock. The use of nanotechnology in the agricultural sector is increasing day by day due to improved soil fertility, water quality, and better pesticides \[[@bib3]\]. Keeping in mind the globalization factor, there must be proper guidelines and regulations made on national and international level for proper application of nanoparticles in the food sector \[[@bib31]\]. European Food Safety Authority (EFSA) \[[@bib31]\] and Food and Drug Administration (FDA) \[[@bib30]\], regulates the Acceptable Daily Intake (ADI) of nanoparticles directly or indirectly from food-system.

Nanoparticles have vast applications in the food sector due to its antimicrobial properties. It not only helps in rupturing the cells of bacteria but also ruptures the cells of fungi and viruses \[[@bib32]\]. Knowing that the year 2020 is certainly a bad year for the whole world, this year we are dealing with an invisible enemy called Severe Acute Respiratory Syndrome Corona Virus-2 (SARS CoV-2). The virus has spread since December 2019 and is now pandemic worldwide and the disease caused by the SARS CoV-2 is known as Corona Virus Disease 2019 (COVID-19), termed by virologists \[[@bib33]\]. A total of 5,304,772 people were affected across the world by COVID-19 disease, of which 342,029 died, according to a World Health Organization (WHO) report on 25^th^ May (2020) \[[@bib34]\]. It is a global emergency, effecting 213 countries and territories. The government of 100 affected countries enforced the partial or full lockdown by the end of March 2020. The situation is getting the worst day by day affecting millions of people. The food sector is now in the limelight because food is necessary for survival even in the pandemic situation. It is a challenging situation over the food producer and the handler to handle the food carefully, through the proper food system. Food security is now top in priority to avoid the spread of this disease (which is highly communicable) \[[@bib33]\]. Khezerlou *et al.* (2018), mentioned the antiviral activity of some nanoparticles, e.g., Gold (Au) nanoparticles against HIV and influenza viruses, Silver (Au) nanoparticles against HIV-1, influenza, monkeypox, respiratory syncytial viruses, Zinc Oxide (ZnO) nanoparticles against herps simplex type-I and type-II, transmissible gastroin-testinal viruses, Titanium Oxide (TiO~2~) nanoparticles against herps simplex, influenza, zika (mosquitoes as a vector) viruses \[[@bib32]\]. These all mentioned nanoparticles are highly utilized in the food sector in many ways and all of them are reviewed in this paper.

2. The demand for nanoparticles in life sciences {#sec2}
================================================

Nanoparticles are rich in morphological structures, such as rod-like shape, pyramid structure, micro-flower, etc., having increased surface area in comparison to their counterparts, which allows them to be used in various fields like biosensors, food-packaging, nanomedicine, and bio-nanotechnology \[[@bib35]\]. Due to its antiviral activity against pathogenic micro-organisms such as bacteria, fungi, and viruses, nanoparticles are highly used in the food sector \[[@bib32]\]. Researchers at the University of Toronto have demonstrated the use of nanoparticles designed to concentrate in a tumor and generate oxygen to increase the effectiveness of the chemotherapy drug doxorubicin. Researchers at the University of Wisconsin have demonstrated a bandage that applies electrical pulses to a wound using electricity produced by nanogenerators worn by the patient \[[@bib36]\]. Nanoparticles application in the detection of urea in urine and blood sample makes it easy to detect the proper functioning of the body organs (mainly kidneys and liver). Kaushik *et al.* (2009) developed a biosensor consists of Fe~2~O~3~- Chitosan nanocomposites for urea detection in blood and urine samples \[[@bib37]\]. Researchers at Oregon State University are developing nanoparticles that deliver three anti-cancer drugs to the lymph nodes. The intent is to target cancers that use the lymph nodes to spread through the body. Testing of this technique, so far, has been with lab animals. Researchers at IBS are developing a graphene-based device to monitor the glucose level in people with diabetes \[[@bib36]\]. Cholesterol is a type of lipids (an organic molecule), which is naturally synthesized in our body tissue (nearly, 75% in liver). The main function of cholesterol is to synthesize lipoprotein and plasma membrane. It acts as a forerunner for many biomolecules (such as, steroid hormones, bile acid, cardiac glycosides, vitamin-D, functional lipids, etc.), which helps in maintaining the metabolic activity of the body \[[@bib38]\]. Dietary intake of cholesterol consists of rest 25% which inhibits the functioning of the metabolic activity of the body organs, like, cholesterol in the form of plaque blocks the arteries which trigger heart disease. Nanotechnology helps in detecting the cholesterol level inside the body and thus alert the patient, ZnO containing nanosensors were developed by the researcher to do the same \[[@bib39]\]. Researchers have determined that the surface charge of protein filled nanoparticles affects the ability of the nanoparticles to stimulate immune responses. They are thinking that these nanoparticles may be used in inhalable vaccines. The properties of nanoparticles are mostly characterized by their size, composition, crystallinity, and morphology. When the size is reduced to the nanoscale, their chemical, mechanical, electrical, structural, morphological, and optical properties of a material are modified. All these modified properties allow the nanoparticles to interact with cell biomolecules \[[@bib36]\]. The transfer of nutritional supplements to the target part of the body organ with the help of nanotechnology is an area of future research \[[@bib40]\].

Nanoparticles with their modified properties have great potential to be used as antibacterial agents, as previously mentioned. There are two types of antibacterial agents present i.e., organic (organic acids, bacteriocin, essential oils, etc.) and inorganic (particularly metal oxides). However, organic antibacterial agents possess some problems as they are very sensitive to processing conditions such as high pressure and temperature. Compared to organic ones, inorganic antibacterial agents have good stability at high pressure and temperatures, long shelf life \[[@bib36],[@bib41]\], and also they show strong antibacterial activity even at low concentrations \[[@bib42]\]. The inorganic nanomaterials used in food packaging and storage are transition metals (silver and iron); alkaline earth metals (calcium and magnesium) and non-metals (selenium and silicates). Nano-silver has been used in a number of consumable foods, food contact surfaces, and food packaging. Nano-silver has been used as anti-microbial, *anti*-odourant, and as a health supplement in different sectors \[[@bib43]\]. Similarly, nano-iron also acts as a health supplement, and can be used in the treatment of contaminated water (break down organic pollutants) and is known to kill microbial pathogens \[[@bib43]\].

Various metal oxides and nano-ferrites are of great interest as they exhibit varying morphologies and show significant antibacterial activity over a wide range of micro-organisms \[[@bib32],[@bib44]\]. Metal oxides such as ZnO \[[@bib45]\], TiO~2~ \[[@bib18],[@bib19],[@bib46],[@bib47]\], MgO \[[@bib48],[@bib49]\] and CuO \[[@bib50]\] have high reactivity, enhanced bio-availability and bioactivity which possess great concern in food technology. Similarly, metal ferrites such as zinc ferrite, copper ferrite, cobalt ferrite, nickel ferrite etc., have unique magnetic properties, excellent chemical stability, large lattice constant, large antibacterial properties are characterized by strong antibacterial properties \[[@bib51],[@bib52]\].

Yamamoto (2001), mentioned that there is an increase in the antibacterial activity with decreasing particle size \[[@bib53]\]. Among all the nanoparticles, magnetic nanoparticles can be easily manipulated through an external magnetic field, which makes the nano-ferrites a suitable candidate for antimicrobial application.

Nanocomposites film is a thin layer of natural/synthetic polymers containing nanoparticles \[[@bib54],[@bib55]\]. Mirjalili *et al.* (2017), has synthesized biodegradable ZnO starch film as a food packaging material. They used various oils, plasticizers, lubricants, and binders to obtain a homogeneous composition of starch solution. The successful synthesis of zinc starch film followed by various characterization techniques such as XRD, SEM, mechanical testing. Their study also showed an interaction between zinc nanoparticles and starch. The tensile strength of the nanocomposite films were increased by adding 0.7 g of ZnO nanoparticles, 0.3 g of carboxy-methyl cellulose, 0.2 g of oil, 1.5 g of lubricant and 3 g of starch. Finally, nanoparticles embedded films had shown the antibacterial activity of about 92% against *S. aureus* and 98% against *E. coli* bacterial strain \[[@bib56]\]. The functional properties of native films are improved with the incorporation of many compounds such as plasticizers, cross-linking agents, polymers, plant extract, and nanoparticles. Specific Packaging materials and coating material were developed for food such as fruits to meet the specification of that food \[[@bib57]\]. To obtain the desired properties for food packaging applications, two or more natural polymers are utilized to fabricate food packaging films using the solvent casting method \[[@bib58]\]. With desired food packaging properties, films might be substituted with synthetic packaging materials in the future and due to environmental concerns, several works have been propelled to suggest new biodegradable materials and raw materials for these polymers reached starting from renewable natural resources \[[@bib59]\]. To improve the properties of nanocomposites, a uniform dispersion of polymeric material and properly sized and shaped nanoparticles are required. Obtaining a small distribution of nanoparticles usually results in the enhanced properties of the packaging material \[[@bib60]\]. However, the main limitations of this approach are the growth of metal nanoparticle agglomerates and the uneven distribution of nanoparticles within the polymer network. This approach usually involves the dissolution of nanoparticles into polymer solution-forming films \[[@bib61], [@bib62], [@bib63], [@bib64]\]. At present, the green method has been adopted to prepare nanocomposite films whose plant extracts act as stabilizers and reducing agents for nanoparticles inside polymeric materials \[[@bib65]\]. The properties of nanoparticles depend on the process of chemical, biochemical, or physical synthesis methods, and this will be discussed further.

3. Various techniques for nanoparticle synthesis {#sec3}
================================================

There are many methods known in the literature to synthesize nanoparticles which are grouped into two categories namely bottom-up approach and top-down approach. **"** **b** **ottom-** **Up"** (i.e. atoms coalesce together): In this type of approach, atoms and molecules are assembled to form nanoparticles or nanomaterial of required shape and size by controlling deposition or reaction parameters. e.g. Sol-gel method. **"** **t** **op-Down"** (i.e. to break or disassemble bulk solids into finer particles): In this approach, the atoms and molecules are removed from the bulk material to obtain desired nanoparticles \[[@bib21],[@bib31]\]. The main disadvantage of the top-down approach is estimated according to the speed and reproducibility. It produces surface defects, results in contamination, and is also responsible for introducing internal stress. In addition to this, the following problems are associated with the top-down process: (a) cost of new machines and cleanroom environment grows exponentially with newer technologies, (b) with conventional materials heat dissipation is a big problem. However, the bottom-up approach has the merits of producing nanomaterials with fewer defects and a more uniform composition \[[@bib66]\]. In addition, the bottom-up process can form thin films and the structure is very simple. It is more economical than top-bottom because it doesn\'t waste material during synthesis. Parameters such as pH, sintering time, and temperature play important roles in controlling the properties of nanoparticles formed by the bottom-up approach \[[@bib67]\].

There are large numbers of physical, chemical, biological, and hybrid methods available to synthesize different types of nanoparticles \[[@bib48]\]. Physical and chemical methods such as Gas Condensation, Vacuum Deposition and Vaporization, Chemical Vapor Deposition (CVD) method and Chemical Vapor Condensation (CVC) method, Mechanical Attrition, chemical precipitation method, sol-gel techniques \[[@bib68]\], are widely used. The nanoparticles can be obtained by these methods just by adjusting or changing parameters such as temperature, pressure, precursors, and their hydrolysis ratio \[[@bib69]\]. Recent studies have shown that the properties (chemical and physical) and different morphologies are strongly affected by the experimental conditions, the kinetics of action between the metal ions and the reducing agent, and adsorption of the stabilizing agent with the metal nanoparticles \[[@bib70]\].

3.1. Green/biochemical synthesis {#sec3.1}
--------------------------------

Chemical synthesis processes are very expensive and toxic, posing an adverse effect on the environment. So, today\'s main focus is to develop an eco-friendly, simple, and clean method to reduce the use and generation of hazardous substances \[[@bib71]\]. The green synthesis employs the use of natural sources such as plants, yeast, fungi, and bacteria \[[@bib72]\]. Natural sources like plant extract, leaves, seeds, and stems, etc. can act as strong binding and reducing agents. These compounds convert metal ions into nanoparticles \[[@bib73], [@bib74], [@bib75]\]. The plant extract is mixed with the solution containing metal ions to carry out green synthesis. The biochemical/green synthesis possesses many advantages over physical and chemical methods such as low cost, less time, no use of any harmful chemical (i.e., less harmful risk over the human body), and no need to use high pressure, energy and temperature \[[@bib76]\].

Nanoparticles synthesized in the plant extracts already have a functionalized surface containing organic ligands, proteins, polysaccharides, and polyatomic alcohols, which are absent when synthesized by other physical or chemical methods. The presence of these components increases the stability of the particles and facilitates the subsequent attachment of the functional molecules, such as antibodies or DNA to the nanoparticles \[[@bib77],[@bib78]\]. The reason behind this phenomenon is that the nanoparticles synthesized by using plant extract have a functionalized surface. The presence of a functionalized surface is due to the presence of organic lipids, proteins, polysaccharide, which would otherwise be absent in the case of the chemical and physical method of nanoparticle synthesis \[[@bib77],[@bib78]\]. Nanoparticles produced from green synthesis can be mono-dispersed easily by controlling some parameters such as pH, temperature, incubation period, and the mixing ratio. The use of micro-organisms for the synthesis is very costly as they require proper conditions for their growth as well as is very long process regarding their growth. Plant forms an attractive platform for nanoparticle synthesis because of its several advantages like low cost of cultivation, short production time, easy availability, safety, and also have the ability to form high production volume \[[@bib79]\]. The green synthesis approach of metal nanoparticles is eco-friendly, economic, and more beneficial as compared to the chemical synthesis approach. Incorporation of metal nanoparticles in starch films minimizes the problem of biodegradability and food containment \[[@bib7]\].

Mahajan et al. (2019), synthesized silver (Ag)-doped cobalt ferrite nanoparticles using the sol-gel auto-combustion technique via chemical and green synthesis approach by using *Ocimum sanctum* (tulsi) and *Allium sativum* (garlic). Through different characterization, they confirmed that the prepared samples are crystalline and have a cubic (inverse spinal) structure. The positive antibacterial activity of the prepared sample at different concentration of Ag and Co in a compound (Ag~*x*~ Co~1−*x*~ Fe~2~O~4~ where, x = 0, 0.005, 0.001, 0.02) were tested against gram-positive and gram-negative bacterial strain \[[@bib80]\]. Their observations for chemically synthesized CoFe~2~O~4~ (cobalt ferrite) nanoparticles (as shown in [Fig. 1 (a)](#fig1){ref-type="fig"} ) well matches with the Sanpo *et al.* observations \[[@bib51]\]. In Mahajan\'s work their team, level up the work and synthesized Ag-doped cobalt ferrite nanoparticles using *Ocimum sanctum* (tulsi) and *Allium sativum* (garlic) and obtained the XRD result which is shown in [Figs. 1 (b) and 1 (c)](#fig1){ref-type="fig"}. Bacterial inhibition zone test is also performed to check the antibacterial property of the synthesized sample against *E. coli* and *L. mnoncytogenes*, as shown in [Fig. 2](#fig2){ref-type="fig"} . Gnanasangeetha *et al.* (2013), demonstrated the formation of metal nanoparticles of size 100--190 nm using *Cor* *riandrum sativum* \[[@bib81]\]. It was shown using TEM images that spherical nanoparticles were obtained of size 21.12 nm (average) from *P. trifoliate* extract \[[@bib82]\]. As ZnO nanoparticles extracted from *Cassia auriculata* were analyzed with SEM showed that most of the metal nanoparticles obtained were of spherical shape \[[@bib26]\]. The size and shape of the nanoparticles synthesized from *Ocimum tenuiorum* leaves were analyzed using SEM images which determined the hexagonal shape nano-metals (i.e. ZnO nanoparticles) of size 11--25 nm \[[@bib83]\]. So, biochemicals are better synthesizers when compared to the other chemical methods.Fig. 1(a) XRD pattern of silver (Ag)-doped cobalt ferrite nanoparticles using the sol-gel auto-combustion technique via chemical and green synthesis approach by using, (b) *Allium sativam* (garlic), and (c) *Ocimum sanctum* (tulsi); at different concentration of Ag and Co in a compound (Ag~*x*~ Co~1−*x*~ Fe~2~O~4~ where, x = 0, 0.005, 0.001, 0.02). The XRD pattern are confirmed with JCPDS No. 01-073-1963 for their spinel crystal structure. Reprinted with permissions from P. Mahajan et al., Vacuum 161 (2019) 389--397, Elsevier copyright 2019 \[[@bib80]\]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1Fig. 2Zone of inhibition shown by synthesized Ag-doped cobalt ferrite nanoparticles against bacterial strains. Reprinted with permissions from P. Mahajan et al., Vacuum 161 (2019) 389--397, Elsevier copyright 2019 \[[@bib80]\].Fig. 2

### 3.1.1. Synthesis of nanoparticles using the plant extract {#sec3.1.1}

There are three phases of mechanism by which nanoparticles are synthesized in the plant extract \[[@bib84]\]:•**Activation phase**: In this stage, metal ions get reduced and nucleate to form reduced metal atoms.•**Growth phase**: In this stage, small adjacent nanoparticles coalesce to form particles of larger size and the process is referred to as Ostwald ripening. In this phase the stability of the nanoparticles also increases.•**The termination phase**: In this stage, nanoparticles acquire favorable final confor-mation.

The mechanism by which the nanoparticles are formed by using sol-gel process via plant extract is depicted in [Fig. 3](#fig3){ref-type="fig"} . The metal ions bind to reducing metabolites and stabilizing nanoparticles. The growth of smaller particles into larger ones occurs by the coarsening process \[[@bib84]\]. A variety of plant extracts such as sesame leaves, aloe vera leaves, hibiscus flower/leaves, ginger root, etc., are being widely used for the preparation of the metal oxide nanoparticles \[[@bib78],[@bib85]\].Fig. 3The typical mechanism for synthesis of metal nanoparticles with the help of green plant extract, is shown in well labeled diagram. Here, phytochemical in plant extract acts as a reducing and stabilizing agent. The complex formed between metal ion and metabolite interaction forms small metal nanoparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

### 3.1.2. The role of plant metabolites {#sec3.1.2}

Size, shape, and morphology of the metal nanoparticles are strongly influenced by the metabolites in the plant extract, which leads to the formation of nanoparticles of high stability with narrow size distribution \[[@bib86],[@bib87]\]. Plant metabolites are terpenoids, polyphenols, sugars, alkaloids, phenolic acid, and proteins which play an important role in the binding and reduction of metal ions, thus thereby yielding metal nanoparticles as shown in [Fig. 4](#fig4){ref-type="fig"} . Shankar *et al.* (2003) suggested that metabolite terpenoids plays an important role in the transformation of metal ions into nanoparticles using extracts from geranium leaves \[[@bib88]\].Fig. 4Role of phytochemicals in reduction of metal ions for the synthesis of metal nanoparticles in green leaf extract. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

Flavonoids (polyphenolic compounds) comprising several classes as anthocyanins, isoflavonoids, flavonols, chalcones, flavones, and flavanones, actively chelate and reduce metal ions into nanoparticles \[[@bib48]\]. Metabolites such as carbohydrates, amino acids, enzymes, etc., act as capping agents, reducing agent, stabilizing agent, and also a chelating agent for capturing metal ions \[[@bib85]\]. Sugars present in the plant extracts are also able to induce the formation of metal nanoparticles. The synthesis of *Azadirachta indica* green leaf extract is shown in [Fig. 5](#fig5){ref-type="fig"} , it is also environmentally friendly and economically favorable as compared to the different chemical processes \[[@bib49]\]. *Calotropis gigantea* was used in synthesis of MgO nanoparticles, which is an environmentally friendly approach, and its toxicity was evaluated in zebra-fish \[[@bib49]\]. Bhuyan *et al.*, in 2015 synthesized ZnO nanoparticles from neem (*Azardirachta indica*) \[[@bib89]\]. They mentioned that leaf extract of neem contains phytochemicals such as organic acids, quione, aldehyde, ketone, protein molecules, flavones which helps in the reduction and stabilization of the biochemically synthesized metal nanoparticles. Quione from these biomolecules helps in the reduction of the particle size whereas proteins help in the stabilization of the biosynthesized ZnO nanoparticles. According to the US Food and Drug Administration (FDA), ZnO has been introduced into the pharmaceutical and agricultural sectors and is therefore considered safe for consumption, they added. The antibacterial activity of biosynthesized ZnO nanoparticles was examined against gram-positive and gram-negative bacteria \[[@bib87]\]. It seemed that with increasing the concentrations of the nanoparticles (from 20 *μ*g/mL to 100 *μ*g/mL) the antimicrobial activity of the ZnO nanoparticles also gets increased. Consequently, it can be concluded that gram-positive bacteria are more sensitive towards ZnO nanoparticles than the gram-negative bacteria \[[@bib89]\].Fig. 5Synthesis of *Azadirachta indica* (neem) leaf extract which containing both natural stabilizing and reducing agents, which helps in reduction of metal nanoparticles.Fig. 5

Monosaccharides such as glucose, act as a reducing agent. Disaccharides (maltose and lactose) have reducing ability because at least one of their monomer has open chain formation. Whereas in contrast, sucrose has no reducing ability because both monomers, glucose, and fructose, are linked in such a way that open-chain is not formed \[[@bib84]\]. Tan *et al.* analyzed all of the 20 natural *α*-amino acids to determine their potential for the reduction and binding of metal ions \[[@bib90]\]. They found that tryptophan is the strongest reducing agent for gold (Au)-ions, whereas histidine is one of the strongest binding agents for Au-ions. Amino acids bind to metal ions by their amino and carbonyl groups of the main chain or through side chains, such as the carboxyl groups of aspartic and glutamic acid or a nitrogen atom of the imidazole ring of histidine. Thus, these reports indicate that size, shape, and morphology of the metal nanoparticles are strongly influenced by the metabolites in the plant extract \[[@bib86]\]. Metabolites (discussed above) play a key role in the overall formation of the eco-friendly nanoparticles. Metal oxide nanoparticles such as ZnO \[[@bib7],[@bib8],[@bib27],[@bib34],[@bib53],[@bib63],[@bib89]\], MgO \[[@bib48],[@bib49]\], CuO \[[@bib50]\], TiO~2~ \[[@bib18],[@bib19],[@bib46],[@bib47]\], Graphene \[[@bib4]\], etc., have a great application in food system due to its great antimicrobial activity against pathogenic microorganisms. Nanoparticles can be synthesized from a wide variety of biological entities such as actinomycetes, algae, bacteria, fungus, plants, viruses, and yeast. Each biological entity has varying degrees of bio-chemical processing capabilities that can be effectively used to synthesize particular metallic or metallic oxide nanoparticles. Not all biological entities can synthesize nanoparticles due to their enzyme activities and intrinsic metabolic processes. Therefore, careful selection of the appropriate biological entity is necessary, to produce nanoparticles with well-defined properties such as size and morphology. Properties of the plant extract such as its concentration, metal salt concentration, reaction time, reaction solution pH, and temperature significantly influence the quality, size, and morphology of the synthesized nanoparticles \[[@bib91]\].

3.2. Chemical synthesis {#sec3.2}
-----------------------

Choosing the right synthesis method is important for obtaining high-quality nanoparticles. This section describes the preparation of nanoparticles by choosing the most commonly used chemical methods such as chemical co-precipitation, sol-gel, auto-combustion, and hydrothermal methods.

### 3.2.1. Co-precipitation synthesis {#sec3.2.1}

This method is used to control the particle size. The technique avoids the physical changes and aggregation of tiny crystallites. Reaction between constituent materials in a solvent forms the basis of the synthesis. Before the precipitation reaction, the dopant is added to the parent solution. Particles formed are kept separated by the addition of surfactants. The nano-crystal formed are then separated by centrifugation, washed, and then vacuum dried \[[@bib68]\]. Anandan *et al.* (2016), synthesized cobalt doped zinc oxide nanoparticles of single-phase structure with a crystallite size of 31--41 nm. These nanoparticles were tested against gram-positive *Bacillis subtilis* and gram-negative *Klebsiella pneumonia*. The antibacterial activity of zinc oxide was found to increase when it was doped with cobalt \[[@bib92]\].

### 3.2.2. Sol-gel synthesis {#sec3.2.2}

It is a wet-chemical technique requiring the use of low temperature. The process involves the conversion of precursor solution into an inorganic solid through inorganic polymerization reactions induced by water. In general, a precursor can be 1) an inorganic, 2) a metal salt or 3) a metal-organic compound, such as alkoxide. The most commonly used precursors are metal alkoxide as they readily react with water and also with most of the metals. This process involves the formation of inorganic networks through the formation of a sol i.e., colloidal suspension and then gelation of sol to form a gel which is a network in a continuous liquid phase. At last calcination of gel produces oxides \[[@bib68]\]. Sharma, V. (2012), synthesized ZnO nanoparticles by this method and tested its antibacterial activity against *E. coli* in comparison with antibiotics as erythromycin and vancomycin \[[@bib93]\]. It was investigated that ZnO nanoparticles were more effective than antibiotics. [Fig. 6](#fig6){ref-type="fig"} represents the synthesized ZnO nanoparticles through sol-gel synthesis technique.Fig. 6Typical synthesis approach of ZnO nanoparticles through sol-gel approach using zinc acetate dihydrate (as precursor) and potassium hydroxide.Fig. 6

### 3.2.3. Auto-combustion synthesis {#sec3.2.3}

It is the most versatile method, also known as self-propagating synthesis route. Metal nitrates are the main raw materials used in this method. There is an exothermic redox reaction between the nitrates and citrate ions to produce the desired product. This technique produces homogeneous and crystalline powders without the requirement of further calcination step \[[@bib68]\]. Kooti *et al.* (2013), synthesized silver-coated cobalt ferrite nanocomposite by combustion route using glycine as a fuel. Their antibacterial efficiency was investigated in comparison with silver nanoparticles and found to be higher when treated with silver-coated cobalt ferrites \[[@bib94]\]. Rajendar *et al.* (2014), studied the antibacterial property of silver doped ZnO nanoparticles, prepared by auto-combustion. The average crystallite size was in the range of 10--40 nm. The study concluded that silver doped ZnO materials are suitable for their anti-bacterial applications \[[@bib95]\]. Gautam *et al.* (2011), synthesized nano ferrites (with average crystallite size of 31--43 nm) of Cu~*x*~Co~1−*x*~Fe~2~O~4~ (where 0.0 \< x \< 1.0) by auto-combustion approach and their magnetic properties were studied by X-ray absorption spectroscopy (XAS) \[[@bib96]\] and also discussed the widespread applications of nano ferrites in electronics and medicine.

### 3.2.4. Hydrothermal synthesis {#sec3.2.4}

It is based upon the fact that many of the oxides are soluble in an alkali solution so, this method can be defined as a method of synthesis of single crystals depending upon the solubility of the materials, in hot water under high-pressure \[[@bib97]\]. Crystal growth is performed in an autoclave, in which nutrients are supplied along with water. Santosh kumar *et al.* (2016), synthesized nickel oxide (NiO) nanoparticles using nickel sulphate (NiSO~4~) as a precursor. The average crystallite size was found to be 92 nm, possessing irregular shape. The nanoparticles exhibited a good zone of inhibition against bacterial strains of *Bacillus subtilis*, *S. aureus*, *E. coli* and *P. vulgaris* \[[@bib98]\]. Dinesh *et al.* (2016), synthesized zinc stannate (Zn~2~SnO~4~) nanoparticles by using potassium hydroxide as a mineralizer, with a crystallite size of about 20 nm. It was found that on increasing the concentration of nanoparticles leads to an increase in inhibition zone \[[@bib99]\].

3.3. Physical synthesis {#sec3.3}
-----------------------

There are many methods which fall into this category such as mentioned below:

### 3.3.1. Inert gas condensation (IGC) method {#sec3.3.1}

In this process magnetron plasma sputtering is used \[[@bib100]\]. Thermal vaporization source \[[@bib68]\] with molecular dynamic \[[@bib101]\] simulation at different temperature and pressure helps in the synthesis metal/alloy nanoparticles. Molecular dynamic simulation helps in synthesis of many metal nanoparticles like gold-platinum, gold, gold-copper, etc. Nanoparticles size, its morphology, structure, depends upon the Gas Condensation process at different thermal and pressure treatment. Lotfi *et al.* (2019), described the synthesis of gold (Au) nanoparticle synthesis by using the IGC method and mentioned in their study that with increasing temperature of the procedure the number of nanoparticles decreases. The sphericity of Au- nanoparticles decreases with a decrease in temperature and vice-versa \[[@bib101]\]. Yang *et al.* (2019), synthesized the (Au--Cu)-nanoparticles with high stability and sphericity \[[@bib100]\].

### 3.3.2. Vacuum Deposition and Vaporization method {#sec3.3.2}

In this method, thermal vaporization is used for the deposition of metal, alloy, or compounds in a vacuum chamber \[[@bib68]\].

### 3.3.3. Chemical Vapor Deposition (CVD) and Chemical Vapor Condensation method (CVC) {#sec3.3.3}

CVD promoted chemical reaction by deposition of metal, alloy or compounds in a vacuum over a heated surface (above 900 °C) while CVC needs the minimum activation energy to start the procedure \[[@bib68]\]. High thermal energy and low pressure is required for vaporization, this is done with the help of sonicator. After this electro magnetic radiation and plasma activation is required to activate the reaction \[[@bib100]\]. Huh *et al.* (2003), synthesized the carbon-nanoparticles using CVD method \[[@bib102]\].

### 3.3.4. Mechanical Attrition method {#sec3.3.4}

Coarse particles disintegrated into nano-scale (through ball mill) \[[@bib103]\]. There are different types of ball mill processes like attrition ball mill, vibrational ball mill, Low Energy Tumbling Mill (LETM), and High Energy Ball Mill (HEBM). HEBM is high preferable ball milling procedure in industry due to its precision \[[@bib104]\]. It helps in the synthesis of metallic, alloy, and compound nanoparticles. The agitator is used in ball mill which can rotate from 500 to 1200 rpm, depends upon the types \[[@bib68]\]. There is an inverse relation between nanoparticles size and the attrition time \[[@bib103]\]. Lam *et al.* (2000), has synthesized the silicon nanoparticles using ball milling with the help of silicon dioxide and graphite \[[@bib105]\].

4. Antibacterial activity of the nanoparticles {#sec4}
==============================================

Although there are several methods to assess the antibacterial activity of nanoparticles, the most widely used method is the broth dilution method, which is followed by colony counting to the appropriate environmental conditions containing bacteria and nanoparticles. Antibacterial agents deleteriously affect the metabolic processes of cells and destroy DNA structure. It inhibits protein synthesis and causes cell wall collapse. The bacterial cell wall is composed of teichoic acid, lipoteichoic acid and peptidoglycan in gram-positive bacteria and lipopolysaccharide and a thin layer of peptidoglycan in case of gram-negative bacteria \[[@bib106],[@bib107]\]. Therefore, the effect of antibacterial agents differs for both the types of bacterial cell because of the presence of antioxidants and antioxidant enzymes, which act as detoxifying agents within the bacterial cells as explained by Applerot *et al.* (2009) \[[@bib108]\]. The antibacterial behavior of the metal nanoparticles is due to the oxidative stress or ROS generation inside the bacterial cell \[[@bib7]\].

According to different structures, composition, and function of the bacterial cell wall, bacterial strains can be divided into two main categories: gram-positive bacteria and gram-negative bacteria \[[@bib107]\]. There is a thick layer of the peptidoglycan (PG) attached to teichoic acids in the case of gram-positive bacteria where as in gram-negative bacteria its outer membrane is composed of a thin layer of the peptidoglycan (PG). The presence of lipopolysaccharides in the outer membrane increases the negative charge of the cell membrane and is essential for the structural integrity. Thus the bacterial cell wall plays an important role in the functioning of the nanoparticles \[[@bib109],[@bib110]\]. For instance, many reports have shown that nanoparticles have better antibacterial activity for the gram-positive bacteria as compared to the gram-negative bacteria. The probable mechanism can be due to the difference in the cell membrane structure \[[@bib110]\]. Biofilm formation is a significant problem that leads to the failure of the nanoparticles to fight with the bacteria as it covers the bacterial cell, also leading to the development of infectious diseases \[[@bib111]\]. Among various nanoparticles, super-paramagnetic iron oxide nanoparticles show effective antibacterial activity against bacterial strains which form biofilms \[[@bib112]\].

Gingasu *et al.* (2016), used self-combustion and wet fertilization methods to obtain cobalt ferrite and silver cobalt ferrite nanoparticles using the aqueous extract of Hibiscus rosa-sinensis flower and leaf. It was found that Ag--CoFe~2~O~4~ nanoparticles have much more improved antibacterial activity than CoFe~2~O~4~ nanoparticles \[[@bib113]\]. A new approach to increase the antibacterial property of ferrite nanoparticles has been suggested by Sapno *et al.* (2013). They also said that replacing the spinel ferrite with a transition metal can improve the antibacterial capacity of the nanoparticles. Gram-negative bacteria, *E. Coli* and gram-positive bacteria, *Staphylococcus aureus* were used to test the antimicrobial activity of transition metal substituted cobalt ferrite nanoparticles \[[@bib51]\].

Xavier *et al.* (2014), used sol-gel technique to synthesize silver substituted cobalt ferrite nanoparticles Co~1−*x*~Ag~*x*~Fe~2~O~4~ with x of varying concentrations as x = 0.0, 0.025, 0.05, 0.075, 0.1. Gram-negative and gram positive-bacterial species as *Escherichia coli*, *Pseudomonas aeruginosa*, *Serratia marcescens* and *Staphylococcus aureus* were selected to check the antibacterial activity \[[@bib114]\]. Jha *et al.* (2012), used a low-cost green and reproducible yeast (*Sachhromyces cerevisiae*) for the production of cobalt ferrite nanoparticles \[[@bib115]\]. Manikandan *et al.* (2015), synthesized spinel copper ferrite (CuFe~2~O~4~) using hibiscus flower extract \[[@bib116]\]. Gingasu *et al.* (2016), synthesized cobalt ferrite nanoparticles by sesame seed extract and evaluated their antimicrobial, *anti*-biofilm, and cytotoxic properties \[[@bib85]\]. Gingasu *et al.* (2017), synthesized cobalt ferrite nanoparticles by employing the use of the aqueous extract of ginger root and cardamom seeds, through self-combustion method \[[@bib117]\].

Sanpo *et al.* (2013), investigated the contact biochemical properties of all ferrite samples prepared using Kirby-Bauer technology. It was found that the diameter of the zone of inhibition for copper substituted cobalt ferrite is larger followed up by zinc, nickel, pure cobalt and manganese \[[@bib51]\], shown in [Fig. 7](#fig7){ref-type="fig"} .Fig. 7Zone of inhibition for *E. coli* obtained by (a) without cobalt ferrite nanoparticles (b) CoFe~2~O~4~ (c) Co~0.5~Cu~0.5~Fe~2~O~4~, (d)Co~0.5~Zn~0.5~Fe~2~O~4~, (e) Co~0.5~Mn~0.5~Fe~2~O~4~ and (f) Co~0.5~Ni~0.5~Fe~2~O~4~. Reprinted with permissions from N. Sanpo *et al.*, Acta Biomater. 9 (2013) 5830--5837. Copyright 2013 Elsevier \[[@bib51]\].Fig. 7

Desselberger (2000), found that ZnO nanoparticles doped with manganese (Mn) had a pronounced effect on both gram-positive as well as gram-negative bacteria than undoped ZnO nanoparticles \[[@bib118]\]. Gunalan *et al.* (2011), investigated the antibacterial property of nano ZnO prepared from chemical and green method for pathogens such as *Staphylococcus aureus*, *P. mirabilis*, *S. marcescens* and *C. freundii*. Their study revealed that green synthesized ZnO nanoparticles were more effective against these bacteria than chemically synthesized \[[@bib119]\]. Rani *et al.* (2014), tested copper oxide nanoparticles against gram-negative bacteria strains *K. pneumonia*, *S. typhimurium*, *E. aerogenes*. They found that the zone of inhibition increased with increasing the minimum inhibitory concentration of copper oxide \[[@bib120]\].

It can be concluded that size, shape, morphology, the type of dopant, and their concentration added to the sample can strongly influence their anti-bacterial activity. All the reports show that the nanoparticles can be successfully synthesized by the use of the green synthesis route, resulting in less environmental harm. They are also found to be exhibiting efficient properties required for exhibiting anti-bacterial activity.

5. Antibacterial mechanisms of nanoparticles {#sec5}
============================================

The exact mechanism of nanoparticles for bacterial species has not been fully elucidated so far, but their function is primarily due to the induction of oxidative stress due to the formation of free radicals \[[@bib110]\]. Below are some steps in which nanoparticles affect bacterial growth:

5.1. Nanoparticles penetration {#sec5.1}
------------------------------

The nanoparticles penetrate through the holes and pits; present over the cell membrane and thus damage the cell.

5.2. Nanoparticles interaction with bacterial cell {#sec5.2}
--------------------------------------------------

In this, the antiparticles bind to the membranes of micro-organisms which can prolong the lag phase of the growth cycle and increase the generation time of the micro-organisms. Metal nanoparticles attach to the bacterial cell membrane and release metal ions which change the permeability of the cell membrane causing the death of the bacterial cell \[[@bib7]\]. The destruction of the cell wall and the extrusion of the content present in the cytoplasm is shown in [Fig. 8](#fig8){ref-type="fig"} .Fig. 8Interaction of metal nanoparticles with bacterial cell, is depicted in the above figure. ROS has been the major factor leading to cell damage. The penetration rate of active oxides through the bacterial cell wall plays an important role in the killing rate of bacteria. These mechanisms lead to the mitochondria weakness, intracellular outflow, and reduced cell division, which causes eventual cell growth inhibition and ultimately cell death.Fig. 8

5.3. Probable mechanisms inside bacterial cell {#sec5.3}
----------------------------------------------

Metal ions uptake into cells, depletion of cell, disruption of DNA replication, releasing metallic ions and generating ROS, and accumulation and dissolution of NP in the bacterial membrane, are the probable mechanism for the functioning of nanoparticles as an antibacterial agent, is depicted in [Fig. 10](#fig10){ref-type="fig"}. The release of reactive oxygen species (ROS) such as hydrogen peroxide (H~2~O~2~) and super-oxide (O^2−^) generated from the interaction of metal nanoparticles. ROS induces oxidative stress, impairs cellular signaling, deplete antioxidant enzyme, resulting in the loss of cell wall. Hydrogen peroxide generated from the surface of ceramic nanopowders can easily penetrate the cell wall of bacteria and cause cell destruction \[[@bib7]\].

The mechanism and functioning of the nanoparticles depends upon various factors such as surface modification, intrinsic properties, type of bacterial species, and physicochemical properties of the nanoparticles \[[@bib110]\]. Properties of nanoparticles include their size, charge, zeta potential, surface morphology, and their crystal structure, as explained next.

6. Factors affecting the functioning of nanoparticles {#sec6}
=====================================================

6.1. Particle size {#sec6.1}
------------------

Reducing particle size to the nanoscale is a reliable and efficient tool for improving the material biocompatibility. Morphology and size of the particles are examined by electron microscopy. It has been found that particle size offer the rate of drug release. Small particles offer fast drug release because of the large surface area \[[@bib121]\]. Small size nanoparticles are more stable than the large ones \[[@bib122]\]. Yamamoto *et al.* (1998), mentioned out that particle size affects antibacterial activity and observed an increase in activity with decreasing particle size \[[@bib123]\]. The large specific surface area increases the probability of the nanoparticle to come in contact with and pass through the bacterial cell membrane \[[@bib124]\]. Zhang *et al.* (2007), found an increase in the antibacterial activity of ZnO nanoparticle with the decrease in particle size \[[@bib125]\]. The bactericidal property of ZnO suspensions of different sizes as 12 nm, 45 nm, and 2 *μ*m was tested against *E. coli* by Padmavathy *et al.* (2008). The results showed that ZnO suspension having a size of 12 nm was more effective than the other suspensions having large particle sizes \[[@bib126]\].

6.2. Roughness {#sec6.2}
--------------

It has been reported that the increase in roughness of nanoparticle increases, size, and surface area to mass ratio that promotes the adsorption of bacterial protein \[[@bib127],[@bib128]\].

6.3. Zeta potential {#sec6.3}
-------------------

Many studies have reported that zeta potential has a strong influence on the bacterial adhesion. Positive nanoparticles are much more prone to adhere to the bacteria surface which is negatively charged, as compared to negatively charged nanoparticles \[[@bib129]\]. Positively charged nanoparticles are also believed to produce more ROS. Negatively charged nanoparticles do not adhere to the bacteria due to the negative charge on both but have shown a certain level of antibacterial activity due to molecular crowding \[[@bib130]\].

6.4. Doping modification {#sec6.4}
------------------------

It is one of the best methods to control and regulate the interaction between the nanoparticle and bacteria. Doping modification helps in preventing the aggregation of the nanoparticles, allowing them to effectively disperse in the aqueous environment \[[@bib124]\]. Doping also results in the production of more ROS. For example, doping of ZnO nanoparticles with the fluorine results in more ROS production and thereby have enhanced antibacterial activity as compared to the ZnO nanoparticles \[[@bib131],[@bib132]\].

6.5. Surface charge {#sec6.5}
-------------------

It plays a key role in maintaining the stability of nanoparticles \[[@bib133]\]. Surface charge of the particle can lead to nonspecific interactions with the biological fluids, resulting in undesirable changes \[[@bib134]\]. To stabilize nanoparticles, their agglomeration by *van der waal\'s* forces should be prevented. This can be obtained by electrostatic repulsion in which like surface charges repel each other \[[@bib133]\], resulting in stabilized nanoparticles.

6.6. Minimum inhibitory concentration {#sec6.6}
-------------------------------------

It can be defined as the minimum concentration of the nanoparticles required to impede or absolutely prevent the bacterial growth. Cobalt ferrite and substituted cobalt ferrite was analyzed for their inhibition properties against both *E. coli* and *S. aureus*. It was found that *E. coli* killing rate was much higher than the *S. aureus*. The antibacterial ability was higher when copper and cobalt were substituted than for nickel and manganese substituted cobalt ferrite \[[@bib51]\].

7. Safety and biocompatibility of nanoparticles {#sec7}
===============================================

Use of nanotechnology in the food sector and medicinal field requires an evaluation of its health risk (stated by Mu and Sprando in 2010) \[[@bib135]\]. Different degrees of biological effects are believed to be related with their characteristics, because of small size and the large surface area \[[@bib136]\]. Toxicology can be defined as an adverse effect of chemical, physical and biological agents on human being, animals and environment. Toxic cellular effects are related to impairment of mitrochondrial activity, leakage of the membrane along with induced morphological changes, and adverse effects on cell viability and metabolic activity \[[@bib137]\]. The toxicity of nanoparticles is dependent upon various factors including the amount of dosage, chemical composition and structural properties \[[@bib138],[@bib139]\]. Synthetic Amorphous Silicase (SAS) nanoparticles were tested on Dutch people by feeding 9.4 mg of silica nanoparticles per kg of body weight and found that there is little effect on human health (like a minimal gastrointestinal problem) \[[@bib1]\]. It was observed that silica nanoparticles easily get agglomerates in the stomach (acidic conditions) and then again dispersed in nano-form in its further travel in the intestinal duct. So, there is no proven epigenetic effect on the genetic level inside the human body due to silica nanoparticles \[[@bib1]\]. Similarly, TiO~2~ is used as a coloring and whitening agent \[[@bib3]\] in confectionaries, especially sugar-coated chewing gum with EU unique code of E171 and found that it also has no harmful effect on human health (but observed acutely). According to the new study by the researchers, four million TiO~2~ nanoparticles are being consumed every year across the globe \[[@bib1]\].

Some metals, such as gold, are safe in bulk-form, where nano-form is highly toxic \[[@bib139]\]. Certain metals like cobalt, nickel, zinc, cadmium, and silver are toxic to biological entities, while others, including titanium and iron oxide are considered to be less toxic \[[@bib34],[@bib140], [@bib141], [@bib142]\]. When the nanoparticles enter the body, it comes in contact with the various biological entities such as proteins, lipids, and enzymes present in the biological fluid. These biomolecules interact with the surface of nanoparticles to form a complex layer called as \'corona\', over the nanoparticles \[[@bib143],[@bib144]\]. The strength of corona either weak or strong, is determined by the physical and chemical properties of the particles. This protein corona is responsible for various toxic outcomes \[[@bib143]\]. In ZnO nanoparticles, rod shaped nanoparticles are more toxic than the spherical shape nanoparticles \[[@bib1]\]. There is attachment and detachment of protein particles as they move from one biological environment to another. Mahmoudi *et al.* (2011), mentioned in their studies that the same concentration of iron oxide nanoparticles are more toxic to neuronal and glial cells than to other cell types such as heart and kidney cells \[[@bib145]\]. However, further research in this area is needed relating to their dosage to be used in the food related area to provide the best results in their applied application as well as towards the safety regarding their consumption. Several studies are showing that nanoparticles in the environment behave like antidotes in the environment \[[@bib5]\]. Nanoremediation, a term coined by research, says that nanoparticles exposed to the environment help clean up soil, water, and sewage faster \[[@bib5]\].

8. Application of nanoparticles in the food industry {#sec8}
====================================================

Applications of nanoparticles in the food sector are growing rapidly. Nanoparticles not only increases the shelf life of food but also improves the overall quality of the food and thus increases the degree of acceptance of the food among the consumers. Food safety and quality are always major concerns. Nanostructures are basically in the form of films, clusters, and wires. Nanoparticles, the simplest form, are the building block of nanostructures \[[@bib21]\]. In the food sector, nanotechnology plays an important role in two ways: food additives (depicted as nano-inside) and food packaging (depicted as nano-outside). There are several reports describing the application of nanotechnology in the food sector to improve food safety, prolong shelf life, improve processing, and improve nutritional quality \[[@bib146]\]. Besides the antimicrobial property, nanomaterials can be used to detect the food spoilage through nanosensors \[[@bib21]\]. Categorization of the application of nanomaterials in the food sector can be done into food packaging, processing, antimicrobials, and food ingredients/additives.

8.1. Food additives {#sec8.1}
-------------------

Food additives are the substances normally added in food to enhance its taste, shelf life, nutritional properties or to preserve the original flavor, appearance, and other qualities like biological, physiochemical, sensorial, and rheological properties of the food \[[@bib6],[@bib18],[@bib147]\]. Recently researchers are more concerned about the application of metal nanoparticles as food additives due to its antimicrobial and food quality enhancing properties, like SiO~2~ and TiO~2~ \[[@bib18],[@bib19],[@bib46],[@bib47]\]. Food additives can be divided into several groups based on CODEX Alimetaruis with a unique identification number. These additives are like, Acidu-lants, Acidity regulators, Anticaking agents, Antioxidants, Bulking agents, Food color en-hancer, Fortifying agents, Color retention agents, Emulsifiers, Flavor enhancers, Glazing agents, Humectants, Tracer gases, Preservatives, Stabilizing agents, Sweeteners, and Thickeners. Many countries regulate the food additives used in food because of its toxic effects on the consumers \[[@bib18],[@bib19]\]. For example Boric acid (H~3~BO~3~), it was widely used as preservatives in food industries between 1807 and 1920s but was banned after World War I due to its toxic effects on both human and animals and during World War II its demand again increases due to its cheap cost and easiness of its availability in the market but was finally banned nearly in 1950s. Silver nanoparticles are used as anti-odor and antibacterial agent in many food items \[[@bib1]\].

Food industries nowadays using nanoencapsulation techniques in the manufacturing of food additives to enhance the food quality by improving its overall physical and chemical stability. Nanoencapsulation of essential oils and plant extracts like cinnamon leaf, garlic, tulsi, lemon, etc. not only gives biological stability but also improves the overall quality and shelf life of the food \[[@bib12]\]. Amorphous silica (SiO~2~) nanoparticles are an approved food additive in the United States and European Union with unique code E551, which is used as an anti-caking agent \[[@bib47]\] and it also improves the overall biological stability of the targeted food products. SiO~2~ nanoparticles have antimicrobial property against the gram-positive and gram-negative bacteria \[[@bib46]\]. According to the study, SiO~2~ is non-toxic for human consumption in a short interval of time \[[@bib1]\]. Lee *et al.* (2017), alters the toxicity of nanoparticles and their interaction with living cells above acceptable levels \[[@bib18]\]. Antifungal and antibacterial activity of the SiO~2~ nanoparticles increased when doped with Zn, using deposition precipitation method \[[@bib12]\]. Similarly, Dorier *et al.* (2018), studied that TiO~2~ nanoparticles also used as food additives as whitening agent with unique code E171, in cakes and pastries. The effects of TiO~2~ nanoparticles, on human cells are also well studied. They specifically mentioned that TiO~2~ and TiO~2~ nanoparticles increases the intercellular ROS (i.e. Reactive Oxygen Species) level and also not much effect the cell stability like damaging cell\'s DNA or damaging of the cell\'s growth or damaging the endoplasmic reticulum structure \[[@bib19]\]. There is no suitable method or guide to assess the toxicity of these nanoparticles used in food additives \[[@bib1]\]. Nano-encapsulation of food additives (generally containing nanoparticles) helps deliver nanoparticles to the targeted body organ or body part. In Germany, nano-encapsulation technique is used to encapsulate the selenium (which helps in proper functioning of the body metabolites) from green-tea leaves with the help of canola oil and phytosterol to minimize the absorption of cholesterol \[[@bib3]\]. TiO~2~ used as a coloring agent in processed finished food with negative toxicity effects \[[@bib10]\].

8.2. Nanosensors {#sec8.2}
----------------

Food quality monitoring is very necessary to control the deterioration of food. Nanosensors can be used in the food sector to monitor the food pathogens (which changes the quality of food with time) and this leads to the development of smart packaging. Several nanosensors have been developed by researchers around the world to monitor the overall quality of the food. Some of these nanosensors are shown below:•Canadian Wheat Board Centre for Grain Storage Research, University of Manitoba, Canada; using conducting polymer nanoparticles, which detect the source and the type of spoilage conducted by the type bacteria, fungus, viruses, insects or rodents \[[@bib20]\].•Electronic tongue was developed by Ruengruglikit *et al.* in 2004 to detect the freshness of the food by detecting the gases coming from the spoilage food. Smart package also ensures the integrity of the food product \[[@bib148]\].•Nanosensors have been reported to detect toxins present or developed in the food products. They can also track the history of various parameters of the food and food package such as time, temperature, and expiration date \[[@bib21]\]. Nanosensors are most importantly used in food packaging and food transport, ensuring that the food received by the consumers fresh and free from any type of deterioration \[[@bib149]\].•Fu *et al*. (2008), developed a biosensor in which fluorescent dye particles attached to anti-salmonella antibodies with a silicon-gold nanorod array. When the salmonella bacteria interact with the nanosized dye particles then the dye on the sensor becomes visible as an indicator \[[@bib150]\].•Neethirajan *et al.* (2011), produced the novel food containing bioactive nanoparticles which directly binds with the biomolecular structures of the *Campylobacter jejuni.* As *Campylobacter jejuni* results in abdominal cramps and diarrhea \[[@bib20]\].•Agromicron Ltd. (Plexus Institute, Hong Kong in 2006) has developed a low-cost Nano Bioluminescent Spray, which can react with the bacterial strain on food and produce a visual glow for easy identification. In this sensor, the intensity of the glow depends upon the number of the nano-particles (which is present in spray) interacting with the bacterial strain \[[@bib20]\].•Oxygen calorimetric indicator containing TiO~2~, SnO~2~ nanoparticles, were synthesized due to their photosensitize property. DNA based nanosensors would be a revolutionary technology, which is still under progress \[[@bib5]\].•Ag & Au based nanosensor was developed fruitfully to detect residual pesticides, which works on the Raman spectroscopy principle \[[@bib4]\].

8.3. Food packaging {#sec8.3}
-------------------

As per environmental and food security concerns, the demand for biodegradable and smart food packaging material increasing day by day in the market. In the food sector researchers are now focused on the packaging materials which having both biodegradable and antimicrobial properties. Biodegradable properties of food packaging materials enhanced by using polysaccharides such as cellulose, pullulan, agarose, starch and chitosen \[[@bib151]\] and antimicrobial properties of the food packaging materials enhanced by adding metal nanoparticles into it. It is considered that the application of nanoparticles going to be increased by 25% by 2020, which includes three trillion US dollar businesses across the world \[[@bib25]\]. Bradley *et al.* (2011), explained that nano-fibers, nano-rods, cellulose, and nano-tubes, nano-clays, etc. can be used inside packaging materials and are reported to provide physical strength and rigidity to the packaging materials. By incorporating nanoparticles into the traditional polymer layer of the packaging material, the barrier properties of the packaging material can be enhanced e.g., the vacuum deposited Al-coating over polyethylene films \[[@bib9]\]. European Food Safety Authority (EFSA) in 2012 limited the use of Titanium nanoparticles in food packaging material with polyethylene terephthalate (PET) bottles by not more than 20 mg/kg \[[@bib30]\]. Some industries involved in this 21^st^ century technology are Honeywell (USA based) \[[@bib5]\], Nestle \[[@bib6]\], A-Do Global (Korea based) \[[@bib30]\], Nanocor (USA based) \[[@bib5]\], Quan Zhou Hu Zeng Nano Technology Co., Ltd. (China based) \[[@bib30]\], Bayer (USA based) \[[@bib5]\], Nano-Prix \[[@bib6]\], Baby-Dream (Korea based) \[[@bib30]\], Aqua Nova (Germany based) \[[@bib30]\], etc.

Nanotechnology provides food safety in terms of packaging to ensure a longer shelf life of food products by avoiding loss of nutrients \[[@bib21]\]. Researchers are now more focusing on the nanoparticles embedded food packaging materials due to its high antimicrobial properties. Nanoparticles embedded food packaging materials not only enhance the shelf life of food but also minimize food spoilage, ensures food safety, and also indicate the food history: as in terms of the intelligent packaging system. Fresherlonger^*T\ M*^ nano-composite containing Ag nanoparticles and PP (polypropylene) helps in the inhibition of pathogens. Montmorillonite, a natural clay (extracted form, volcanic ash, or other rocks) used as the nanoparticles in the highly advanced packaging system \[[@bib31]\]. Huang *et al.* (2015), discussed the application of nanoparticles, such as Ag, Zn, Cu and TiO~2~, in manufacturing of food packaging material, e.g., fruit (like apple, apple slices, fresh-cut melon, orange, strawberry, and kiwi), fruit juice (like, apple, orange and pineapple), meat product (like, fresh cut beef) \[[@bib31]\]. Nanotechnology-based food packaging can be divided into three categories: first is the Improved packaging system, second is the Active packaging system and third is the Intelligent packaging system \[[@bib6],[@bib31]\], explained below:

### 8.3.1. Improved packaging system {#sec8.3.1}

In this packaging system the gas, temperature, humidity barrier properties get improved with an addition of nanoparticles in polymer \[[@bib6],[@bib12]\]. Nanocomposites have a great potential of improving mechanical strength, increasing resistance to heat, reducing weight, and improving barrier properties (against carbon dioxide, moisture, oxygen, and volatiles present inside food) of the food packaging material \[[@bib12]\]. Several studies have been conducted in order to determine the interaction of the nanoparticles with the foodborne pathogens. The biodegradable starch film containing ZnO nanoparticles is shown in [Fig. 9](#fig9){ref-type="fig"} , at various angles. Bactericidal activity of the zinc oxide has been found against various pathogens mainly *E. coli* and *S. aureus*. ZnO nanoparticles incorporated into the polymeric matrix permits the interaction of food with the nanoparticles present inside the nanocomposites, which ultimately protect the food from the pathogens by destroying the DNA of bacterial cells \[[@bib8]\]. Japan is a leader in nanoparticles based packaging material, and the market value of its nano-packaging is increasing by 13% each year \[[@bib5]\]. Commercially there are a huge application of metal and metal oxide nanoparticles in the food system (also discussed above), e.g. Silver nanoparticles are used in baby bottles, nano-clays are utilized in manufacturing beer bottles by many breweries due to which filled beer\'s expiry date increases to thirty weeks, carbon nano-tubes utilized in food packaging material because it provides mechanical strength to the package and also shows the antimicrobial property, ZnO nanoparticles embedded food packaging and wrapping material \[[@bib31]\].Fig. 9Starch-based nanocomposite (bio-films) containing ZnO nanoparticles are displayed in different angles and backgrounds. It also demonstrated the translucent nature of starch-based bio-films \[[@bib16]\].Fig. 9

### 8.3.2. Active packaging system {#sec8.3.2}

In this packaging system, the unwanted components are eliminated from the food environment inside the package. Active packages are like, oxygen scavengers, carbon-dioxide scavengers, C~2~H~2~ scavengers, ethanol emitters, moisture absorber \[[@bib9],[@bib10]\], etc. It has dynamic nature on the food packaging system for its (food) preservation. Oxygen accelerates the oxidative degradation of packaged foods, and oxygen scavengers (containing nanoparticles e.g., TiO~2~) slow this possibility. Ag, Au, ZnO nanoparticles are chemically more stable than other metal nanoparticles and also have antifungal and antibacterial properties \[[@bib5]\].

Active food packaging has emerged as an effective approach in food packaging and has largely replaced traditional packaging systems. Active packaging protects the food from environmental factors by providing the barrier to the external conditions \[[@bib10]\]. The probable mechanism of antibacterial activity of nanoparticles against the bacterial strains is shown in [Fig. 10](#fig10){ref-type="fig"} , this demonstrates that how nanoparticles help in protecting the food against the contamination. Another potential application of nanoparticles into the food packaging is the degradation of ethylene (ripening gas). The idea behind this application is to insert the active nanoparticles into the polymer matrices that could lead to a two-fold advantage by improving performances of food packaging material, enhancing the prolongation of the shelf life of the packaged food product \[[@bib43]\]. Pathakoti *et al.* (2017), mentioned the liberation of the nanoparticles through the packaging system, halts the microbial growth and thus saves the food from spoilage. Thus, this type of packaging is also known as antimicrobial packaging \[[@bib21]\]. They include the use of various metal and metal oxide nanoparticles for their antimicrobial behavior, in the form of nanocomposites for food packaging sector. Copper, copper oxide \[[@bib120]\], zinc oxide \[[@bib7],[@bib8],[@bib26],[@bib27],[@bib53],[@bib63],[@bib89],[@bib106]\], titanium oxide \[[@bib19]\] and silver \[[@bib41],[@bib94],[@bib112]\] based nanofillers are widely used \[[@bib11]\]. Silver nanoparticles \[[@bib41],[@bib48],[@bib77],[@bib94],[@bib112],[@bib114]\] are used to preserve the food products for longer time periods by killing microbes in just 6 min \[[@bib152],[@bib153]\].Fig. 10Proposed mechanism of antibacterial activity of nanoparticles against pathogenic bacterial cell.Fig. 10

### 8.3.3. Intelligent packaging system {#sec8.3.3}

In this packaging system, the embedded nanoparticles senses any biological or chemical changes inside or outside the food. This kind of packaging system known as the smart packaging system. Currently Nestle, Nano Prix supermarket, etc. are using chemical nanosensors which easily get detects the color change \[[@bib6]\]. Intelligent packaging helps in tracing, fraudulent \[[@bib5]\], and tracking and protection of the brand name. Intelligent packaging in the form of strips is developed by Oxonica (Oxford, United Kingdom) in which gold, silver, and platinum are utilized for tracing, tracing authenticity of the food product. NanoInk, Skokie, USA has discovered a Dip Pen Nanolithography technique to encrypt the food information \[[@bib20]\]. Recently, pH indicator with silicon nanoparticles were introduced \[[@bib5]\].

Types of intelligent packaging system are \[[@bib6],[@bib10],[@bib11],[@bib154]\]:•To improve the overall food quality: Quality indicator (QI), temperature indicator (TI), time-temperature indicator (TTI) e.g., TimeSrips \[[@bib5]\], ThermoTrace \[[@bib30]\], TEM XRD ICP-MS \[[@bib30]\], etc., gas concentration indicator (GC) etc.•Provide more convenience : Thermo chromic inks, Microwave doneness indicator Radio Frequency Identification (RFID) etc.•Protection against counterfeiting, theft, and tampering of the packages.

### 8.3.4. Biodegradable nanocomposites as packaging materials {#sec8.3.4}

Starch-based food packaging material with embedded nanoparticles attracted the attention of all researchers across the world due to its antibacterial and biodegradable properties \[[@bib16]\]. Starch-based food packaging materials are alternates to synthetic polymers in food packaging application revolution. Petroleum-based synthetic polymers are non-biodegradable in nature and its wide application (as food packaging material) increases the attention of the researchers towards environmental waste disposal crisis \[[@bib13],[@bib15]\]. Researchers focus on the synthesis of biomass-based food packaging materials based on agricultural-based products that are alternatives to synthetic polymers. Biomass-based food packaging materials are cheap, easily available, eco-friendly, and abundant in nature. Biodegradable starch films, as food packaging materials, are eatable due to the presence of starch and other plant-based byproducts like lipids, proteins, and polysaccharides \[[@bib14],[@bib17],[@bib155]\]. Many researchers are developing bio-composites from renewable resources, producing more sustainable and environmental friendly materials has gained attention at the international level. Synthetic based food packaging materials as solid waste creates a severe environmental problem due to its non-biodegradability property. Plastic packaging is one of the major causes of sea pollution as over 67 million tons of polymeric packaging waste has resulted in environmental issues \[[@bib156]\]. Globally, there are special rules and regulations to dispose of synthetic polymeric waste (like plastic) but less than 5% of the whole get recycled \[[@bib157]\].

The consideration of people towards the biodegradable material can reduce the environmental pressure \[[@bib158]\]. The development of biomaterials holds great promise to mitigate many of the sustainability problems, offering the potential of renewability, biodegradation, and a path away from harmful additives. Packaging films and coatings from biopolymers such as polysaccharides, proteins, and fats had significantly growing to enhance the shelf life, the overall quality, and stability of the packaged food. Among polysaccharides, starch has been studied as substitute biomaterial for packaging due to its polymeric properties \[[@bib16],[@bib59],[@bib159]\]. Hence, the demand of the bio-based polymer materials is increasing rapidly in order to solve the waste disposal issues to the controlled magnitude \[[@bib151],[@bib160]\]. In recent years, researchers have seen that nanotechnology playing an important role in filling the gap of innovative development in food packaging material \[[@bib126]\]. In 2018, researchers from Yonsei University, Republic of Korea, has successfully developed an antimicrobial paper-based packaging material coated with chitosan:starch-AgNPs \[[@bib161]\]. Nanocomposites biodegradable films are composed of metal/non-metal nanoparticles \[[@bib162]\].

9. Challenges in combining nanoparticles with food-system {#sec9}
=========================================================

Nanoparticles have many beneficial properties, as reported above by many researchers, but there are many challenges on which researchers are focussed, like nanoparticles type, morphologies, surface chemistry, and concentrations, which can be a deciding factor for its future in the food sector. The large surface area and attractiveness of active surface chemistry can be problematic due to the fact that they are always active against unwanted chemical reactions. Few or negligible research on nanoparticle waste is a major concern for researchers, making it difficult to use nanoparticles in the food sector \[[@bib9]\]. The United States Food Drug and Administration (U.S. F.D.A.) on August 5, 2015 has issued a guideline for the use of nano-based technology in the food-system \[[@bib47]\]. The European commission in 2011 regulates a directive 85/572/EEC with a regulation no. October 2011 for the migration of nanoparticles into food products (contact directly or indirectly with nanoparticles) and decided that it should not exceed the limit of 10 mg/dm^2^ \[[@bib30]\]. Therefore, it is very important to update food regulations depending on the use of nanoparticles in food systems. Food additives (like, coloring agents (TiO~2~ and Al~2~O~3~) \[[@bib47]\], anti-caking agents (SiO~2~) \[[@bib46],[@bib47]\], whitening agents (TiO~2~) \[[@bib19],[@bib47]\], etc.) are more in direct contact with internal body organs and could accumulated slowly in body e.g., TiO~2~ form the sugar-coated chewing gum enters the body with saliva and gets accumulated inside body \[[@bib47]\]. Therefore, the intestinal epithelium is a likely target for these types of food additives.

Nanoparticles have a large surface to volume ratio due to which there is a limitation in their large scale use in food industries due to the active chemical and bio-reactivity and potential toxicity towards human health, but it is less reported \[[@bib1]\]. Awareness is very important among consumers and there must be the proper transparency between consumers, producers (farmers), and manufacturers, consumers need to know exactly what they are eating. In the case of Genetically Modified (GM) food, people were initially very scared because of the alteration, due to which they were banned (still it is banned in many countries, e.g., Russia and cultivation is still banned in many EU countries but their import is not banned) but in the case of nanotechnology there is no such alteration of genes are doing so far due to which it is the 21^st^ century technology \[[@bib3]\]. Consumer shift to greener, eco-friendly, and chemical-free foods is really putting pressure on the food industries \[[@bib4],[@bib44],[@bib49]\]. Research shows that in developing countries, people devouring 10 trillion nanoparticles each day \[[@bib4]\]. Nanoparticles effects on genetic level are poorly studied. Lim *et al.* (2017), explained the epigenetic effect of nanoparticles interaction with RNA strands \[[@bib1]\]. So, it is necessary to research more about its toxicity. Most of the population across the globe having a smartphone and it is easy for food traceability from farm to the dinning table, through this nanotechnology.

Migration of metal nanoparticles from packaging material to food depends upon the type of food, its nature, and the type of polymer (used specifically for packaging). The migration of nanoparticles from its synthesis (usually through, chemical, physical, biochemical/green synthesis method; which is also mentioned in this review paper) to humans is shown in [Fig. 11](#fig11){ref-type="fig"} . Humans are at the top of the food chain, and nanoparticles flow bi-directionally, from humans to plants and from plants to humans, and so on. In the agriculture sector, nanoparticles are migrated in the form of advanced pesticides, insecticides, and many encapsulated nutritive feed and this feed used in aquaculture, livestock production, horticulture, poultry, etc. Nanoparticles in a food chain are finally accumulated in the human body through finished food. There is also the deposition of nanoparticles in the environment, which comes from the synthesis unit, agriculture sector, packaging, and also from human excreta; [Fig. 11](#fig11){ref-type="fig"} \[[@bib24],[@bib44]\]. Leaching of nanoparticles depends upon various factors such as packaged food initial concentration, temperature and environmental, packaged material thickness, swelling index, solubility, tensile strength, biodegradability, water vapor permeability, the particle size of embedded nanoparticles, nature, morphology of embedded particles and last but not the least, time and storage of the packaged food. The solubility of nano-metals elevated with the increase in temperature and decrease in pH value due to which migration also accelerated in the packaging system \[[@bib31]\]. Silver nanoparticles used in food products have some extent of toxicity on the consumer health due to the fact that it affects the T-cell badly \[[@bib1]\]. The European Commission (regulation no. 10/2011) regulates the migration of toxic components from the packaging material, it may be Bisphenol-A from plastic and nanoparticles from the nanocomposite polymer. Time and temperature must be used for tracking of the migration of the nanopartices, according to the EU council\'s Directive 97/48/EC. Mathematical modeling (depending upon the diffusion and partition coefficient) can be used to measure the concentration of the migrated nanoparticles from packaging material to the containing food \[[@bib31]\]. The use of nanotechnology has not been thoroughly studied till so far, in the context of its toxicity. The big challenge is combining nanoparticles with the food-system. Mathematical models or response surface methodology can be utilized in a smart way to measure the toxicity of the nanoparticles used in a food-system. Risk assessment of nanotechnology applications in the food sector should be done.Fig. 11A proposed typical cycle of migration of nanoparticles from their source of synthesis to the agriculture sector, and then finally accumulate inside the human body through the finished packaged food.Fig. 11

10. Conclusion and future perspective {#sec10}
=====================================

Nanoparticles are promising antibacterial agent due to its wide activity against both gram-positive and gram-negative bacterial cells. Many methods such as sol-gel, hydrothermal, co-precipitation, auto-combustion, and green/biochemical synthesis methods have been used to prepare nanoparticles. Green/biochemical synthesis provides an attractive platform for nanoparticle synthesis by virtue of its several advantages like low cost of synthesis, short production time, easy availability, eco-friendly, economic (have the ability to form high production volume), and is more beneficial as compared to the chemical synthesis approach. The incorporation of metal nanoparticles in starch films minimizes the problem of biodegradability and food containment. Natural sources like plant extracts, leaves, seeds, stems, etc. can act as strong binding and reducing agents. Nanoparticles synthesized in the plant extracts already have a functionalized surface containing organic ligands, proteins, polysaccharides, and polyatomic alcohols, which are absent when synthesized by other physical or chemical methods. The antibacterial activity of nanoparticles is size as well as concentration-dependent and can be enhanced by doping with transition metals. The exact mechanism regarding antibacterial activity is although not established yet but the three possible mechanisms are the formation of ROS, their interaction with bacteria damaging the cell wall, and the release of the metal ions. In the food sector, nanoparticles are used as food additives, food packaging material, different bio-nanosensors, and biodegradable polymers. It not only enhances the overall quality of the food but also increases the shelf life and helps in traceability and communication of the food product. Nanoparticles used as antimicrobial agents show good antibacterial activity when used in the food packaging material. This is why in terms of the environment, green packaging and the incorporation of metal nanoparticles has become a more important subject of scientific research. The transfer of nutritional supplements with the help of nano-encapsulation in a target organ is an area of future research. A major obstacle to the application of nanotechnology in the food sector is minimal research on their potential toxicity (towards environment and consumer). Further research needs to be done to study the appropriate mechanism of the antibacterial activity of nanoparticles in the future.
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